The active sites of 491 human protein kinase domains are highly conserved, which makes the design of selective inhibitors a formidable challenge. We used a structural bioinformatics approach to identify two selectivity filters, a threonine and a cysteine, at defined positions in the active site of p90 ribosomal protein S6 kinase (RSK). A fluoromethylketone inhibitor, designed to exploit both selectivity filters, potently and selectively inactivated RSK1 and RSK2 in mammalian cells. Kinases with only one selectivity filter were resistant to the inhibitor, yet they became sensitized after genetic introduction of the second selectivity filter. Thus, two amino acids that distinguish RSK from other protein kinases are sufficient to confer inhibitor sensitivity.
Phosphorylation of serine, threonine, and tyrosine residues is a primary mechanism for regulating protein function in eukaryotic cells. Protein kinases, the enzymes that catalyze these reactions, regulate essentially all cellular processes and have thus emerged as therapeutic targets for many human diseases (1) . Small-molecule inhibitors of the Abelson tyrosine kinase (Abl) and the epidermal growth factor receptor (EGFR) have been developed into clinically useful anticancer drugs (2, 3) . Selective inhibitors can also increase our understanding of the cellular and organismal roles of protein kinases. However, nearly all kinase inhibitors target the adenosine triphosphate (ATP) binding site, which is well conserved even among distantly related kinase domains. For this reason, rational design of inhibitors that selectively target even a subset of the 491 related human kinase domains continues to be a daunting challenge.
Structural and mutagenesis studies have revealed key determinants of kinase inhibitor selectivity, including a widely exploited selectivity filter in the ATP binding site known as the "gatekeeper." A compact gatekeeper (such as threonine) allows bulky aromatic substituents, such as those found in the Src family kinase inhibitors, PP1 and PP2, to enter a deep hydrophobic pocket (4) (5) (6) . In contrast, larger gatekeepers (methionine, leucine, isoleucine, or phenylalanine) restrict access to this pocket. A small gatekeeper provides only partial discrimination between kinase active sites, however, as ∼20% of human kinases have a threonine at this position. Gleevec, a drug used to treat chronic myelogenous leukemia, exploits a threonine gatekeeper in the Abl kinase domain, yet it also potently inhibits the distantly related tyrosine kinase, c-KIT, as well as the platelet-derived growth factor receptor (PDGFR) (7).
We therefore sought a second selectivity filter that could be discerned from a primary sequence alignment. Among the 20 amino acids, cysteine has unique chemical reactivity and is commonly targeted by electrophilic inhibitors. In the case of cysteine protease inhibitors, the reactive cysteine is not a selectivity filter, because it is found in every cysteine protease and is essential for catalysis. Electrophilic, cysteine directed inhibitors of the EGFR kinase domain have also been reported (8) , but here again, the cysteine does not act as a selectivity filter, because neither the electrophile nor the reactive cysteine is required for potent, selective inhibition by these compounds. In this report, we describe the rational design of selective kinase inhibitors that require the simultaneous presence of a threonine gatekeeper and a reactive cysteine, which are uniquely found in the C-terminal kinase domain of p90 ribosomal protein S6 kinases (RSKs).
We used a kinomewide sequence alignment (1, 9) to search for cysteines that, together with a threonine gatekeeper, could form a covalent bond with an inhibitor in the ATP pocket. We focused on the conserved glycine-rich loop, which interacts with the triphosphate of ATP and is one of the most flexible structural elements of the kinase domain (10) . A cysteine near this solvent exposed loop is likely to have a lower pK a and therefore to be more reactive than a cysteine buried in the hydrophobic pocket. Out of 491 related kinase domains in the human genome (1), we found 11 with a cysteine at the C-terminal end of the glycine-rich loop (Fig. 1A) , a position usually occupied by valine. We next examined the gatekeeper in these kinases. Three closely related paralogs, RSK1, RSK2, and RSK4, have a threonine gatekeeper, whereas the remaining nine kinases, including RSK3, have larger gatekeepers (Fig. 1A ). RSK1 and RSK2 are downstream effectors of the Ras-mitogen-activated protein kinase (MAPK) pathway and are directly activated by the MAPKs, ERK1 and ERK2 (11, 12) . Mutations in the RSK2 gene cause Coffin-Lowry syndrome, a human disorder characterized by severe mental retardation (13) . However, the precise roles of RSKs are poorly understood. All RSKs have two kinase domains. The regulatory C-terminal kinase domain (CTD) has the cysteine and threonine selectivity filters.
To exploit both selectivity filters in RSK family kinases, we needed a scaffold that could present an electrophile to the cysteine while occupying the hydrophobic pocket defined by the gatekeeper. Crystal structures of kinases with bound ATP analogs all reveal van der Waals contacts between a conserved valine, analogous to the cysteine we identified in RSKs (Fig. 1A) , and the adenine C-8 position. We therefore designed and synthesized cmk and fmk (Fig. 1B) , pyrrolopyrimidines that contained a chloromethylketone and a fluoromethylketone, respectively. The p-tolyl substituent was designed to occupy the putative hydrophobic pocket. Structurally related pyrazolopyrimidines interact similarly with Src family kinases (4-6). We hypothesized that the electrophilic halomethylketones would be within striking distance of the key cysteine in RSK1, RSK2, and RSK4 and that kinases with only one of the two selectivity filters would be resistant to the inhibitors.
We first tested the electrophilic pyrrolopyrimidines against the RSK2 CTD in vitro (14) . Both fmk (Table 1 ) and cmk (15) inhibited RSK2 CTD activity with similar potencies, but we focused on fmk because of its greater chemical stability. To test whether both selectivity filters were required for fmk sensitivity, we expressed two CTD mutants, C436V, in which Cys 436 was replaced with Val, and T493M, in which Thr 493 was replaced with Met. Fmk was a potent and selective inhibitor of wild-type (WT) RSK2 [half-maximal inhibitory concentration (IC 50 ) =15 nM], with greater than 600-and 200-fold selectivity over the C436V and T493M mutants, respectively (Table 1) . To test whether fmk forms an irreversible covalent bond with RSK2, we prepared a biotinylated derivative (see Supporting Online Material). Biotin-fmk reacted irreversibly with WT RSK2, but not with the selectivity filter mutants, as shown by denaturing gel electrophoresis and Western blot analysis with streptavidin-horseradish peroxidase (HRP) (Fig. 2A) . ERK2, required to activate RSK2 in vitro, was not labeled by biotin-fmk, despite the presence of a solventexposed cysteine in its ATP pocket (16) .
We next tested the selectivity of biotin-fmk in a human epithelial cell lysate containing thousands of potentially reactive proteins. Biotin-fmk (1 μM) reacted with only two proteins, and labeling was abolished by pretreatment with 1 μM fmk (Fig. 2B) . These ∼90-kD proteins were shown to be RSK1 and RSK2 by quantitative immunodepletion with specific antibodies (Fig. 2C) . A cell-permeable, fluorescent derivative of fmk was also found to be highly selective toward RSK1 and RSK2 when added to cells growing in culture (15) .
The only known substrate of the RSK2 CTD is Ser 386 of RSK2 itself (17, 18) . Phosphorylation of Ser 386 creates a docking site for phosphoinositide-dependent kinase 1 (PDK1), which then phosphorylates and activates the N-terminal kinase domain (NTD) (19) . The activated NTD then phosphorylates downstream substrates. Treatment of serum-starved COS-7 cells with EGF induced Ser 386 phosphorylation of endogenous RSK2, which was inhibited by fmk with a half-maximal effective concentration (EC 50 ) of ∼200 nM (Fig. 3A) . Thus, the CTD appears to be the primary kinase responsible for EGF-stimulated Ser 386 phosphorylation, consistent with results obtained with kinase-inactive mutants (17, 18) . Fmk (10 μM) had no effect on EGF-stimulated phosphorylation of ERK1 or ERK2 (Fig. 3B) , the MAP kinases directly upstream of RSK2. This result further highlights the selectivity of fmk, as the signaling pathway leading to ERK activation involves at least three protein kinases (EGFR, Raf, and MEK), two of which (EGFR and Raf) have threonine gatekeepers, as well as potentially reactive cysteines, in their ATP binding pockets.
We next tested whether inhibition of the CTD by fmk could block signaling downstream of RSK2. In cells transfected with WT RSK2, treatment with EGF induced phosphorylation of histone H3 at Ser 10 , which was completely blocked by fmk (Fig. 3C) . By contrast, H3 phosphorylation was unaffected by up to 10 μM fmk in cells expressing the RSK2 gatekeeper mutant, T493M. Mutation of the cysteine selectivity filter to valine (C436V) also conferred complete resistance to fmk ( fig. S1 ). Similar to RSK family kinases, the mitogenand stress-activated kinases, MSK1 and MSK2, have two kinase domains. The CTD of MSK1 has a cysteine analogous to Cys 436 of RSK2 (Fig. 1A) , but unlike RSK2, MSK1 has a methionine gatekeeper. Fmk had no effect on H3 phosphorylation mediated by WT MSK1 (Fig. 3D) . By contrast, an MSK1 mutant with a threonine gatekeeper was potently inhibited. Thus, despite having only ∼40% sequence identity to RSK2, MSK1 became equally sensitive to fmk once the second selectivity filter was introduced. Fmk had no effect on phorbol ester-stimulated H3 phosphorylation in nontransfected fibroblasts ( fig. S2 ), consistent with a dominant role for endogenous MSK1 and MSK2 in this pathway (20) . (21), which raises the possibility that they might be susceptible to reversible inhibition by cmk or fmk. WT Fyn was weakly inhibited by both compounds, with IC 50 values of ∼4 μM (compared with an IC 50 value of 15 nM for fmk against RSK2). By contrast, cmk and fmk potently inhibited a Fyn mutant in which Val 285 was replaced with Cys (IC 50 values of 1 nM and 100 nM, respectively). Similarly, at concentrations that completely inhibited RSK2 in cells, neither cmk nor fmk reversed the cellular phenotypes induced by v-Src (with a Thr in the gatekeeper position). By contrast, cmk (and less potently, fmk) promoted morphological reversion and reduced global tyrosine phosphorylation in cells expressing a v-Src mutant in which Val 281 was replaced with Cys ( fig. S3 ).
Pyrrolopyrimidines inhibit Src family kinases such as Fyn
In this study, we have rationally designed halomethylketone-substituted inhibitors whose molecular recognition by protein kinases requires the simultaneous presence of two selectivity filters: a cysteine following the glycine-rich loop and a threonine in the gatekeeper position. We estimate that ∼20% of human kinases have a solvent-exposed cysteine in the ATP pocket. Because of the structural conservation of the pocket, it should be possible to predict the orientation of these cysteines. In addition, there are many reversible kinase inhibitors whose binding modes have been characterized by x-ray crystallography. The integration of both types of information should allow the design of scaffolds that exploit selectivity filters other than the gatekeeper, as well as the appropriate sites for attaching electrophilic substituents. Structural bioinformatics guides the design of electrophilic inhibitors of RSK family protein kinases. (A) Sequence alignment of the 11 human kinases with a cysteine selectivity filter at the C-terminal end of the glycine-rich loop. Of these 11, RSK1, RSK2, and RSK4 are the only kinases with a threonine selectivity filter in the gatekeeper position. Src, which has a threonine gatekeeper but lacks the cysteine, is shown for comparison. (B) Chemical structures of adenine and the rationally designed halomethylketone pyrrolopyrimidines, cmk and fmk. Identification of RSK1 and RSK2 as biotin-fmk targets. HEK-293 lysates were treated with 1 μM biotin-fmk. Proteins were immunoprecipitated with control IgG, RSK1-specific polyclonal antibodies, or a RSK2-specific monoclonal antibody (Santa Cruz Biotechnology). Immunoprecipitates (P) and supernatants (S) were analyzed by Western blot with streptavidin-HRP and antibodies to RSK1 and RSK2. Table 1 Half-maximal inhibitory concentrations (IC 50 in μM) for fmk and the pyrrolo [2,3-d] pyrimidine scaffold against the kinase activities of wild-type (WT) and mutant RSK2 CTDs. RSK2 CTDs were expressed in E. coli as His 6 -tagged proteins and activated by incubation with bacterially expressed His 6 -ERK2 and ATP.
Kinase assay conditions: 30-min inhibitor pretreatment, 1 nM RSK2 CTD, 0.1 mM ATP, 0.1 mM "CTD-tide" substrate (14) . WT and mutant CTDs had similar kinase activities.
WT C436V T493M
fmk 0.015 ± 0.001 > 10 3.4 ± 0.3 scaffold 1.2 ± 0.08 0.43 ± 0.14 >30
